Context. Lenticular galaxies (S0's) are more likely to host antitruncated (Type-III) stellar discs than galaxies of later Hubble types. Major mergers are popularly considered too violent mechanisms to form these breaks. Aims. We have investigated whether major mergers can result into S0-like remnants with realistic antitruncated stellar discs or not. Methods. We have analysed 67 relaxed S0 and E/S0 remnants resulting from dissipative N-body simulations of major mergers from the GalMer database. We have simulated realistic R-band surface brightness profiles of the remnants to identify those with antitruncated stellar discs. Their inner and outer discs and the breaks have been quantitatively characterized to compare with real data. Results. Nearly 70% of our S0-like remnants are antitruncated, meaning that major mergers that result in S0's have a high probability of producing Type-III stellar discs. Our remnants lie on top of the extrapolations of the observational trends (towards brighter magnitudes and higher break radii) in several photometric diagrams, due to the higher luminosities and sizes of the simulations compared to observational samples. In scale-free photometric diagrams, simulations and observations overlap and the remnants reproduce the observational trends, so the physical mechanism after antitruncations is highly scalable. We have found novel photometric scaling relations between the characteristic parameters of the antitruncations in real S0's, which are also reproduced by our simulations. We show that the trends in all the photometric planes can be derived from three basic scaling relations that real and simulated Type-III S0's fulfill: h i ∝ R brkIII , h o ∝ R brkIII , and µ brkIII ∝ R brkIII , where h i and h o are the scalelenghts of the inner and outer discs, and µ brkIII and R brkIII are the surface brightness and radius of the breaks. Bars and antitruncations in real S0's are structurally unrelated phenomena according to the studied photometric planes. Conclusions. Mayor mergers provide a feasible mechanism to form realistic antitruncated S0 galaxies.
Introduction
Lenticular galaxies (S0) have traditionally been considered as transition types between elliptical and spiral galaxies since the galaxy classification proposed by Hubble (1926) , because their discs show no significant spiral structure nor any signs of recent star formation. S0's are common in the inner parts of galaxy clusters (Dressler 1980) , so they may provide valuable information on the processes driving galaxy evolution in these regions. The fraction of S0's in the clusters at z ∼ 0.5 is 2-3 times smaller than in low-redshift clusters, with a proportional increase of the spiral fraction (Dressler et al. 1997) . This is evidence that S0 galaxies must have evolved from later morphological types as they have fallen into the clusters. However, the mechanisms leading to the formation of S0's cannot be exclusive of the intracluster medium, because ∼ 50% of this galaxy population resides in groups and the field (see Huchra & Geller 1982; Berlind et al. 2006; Crook et al. 2007; Wilman et al. 2009 ). In addition, accounting for the diversity of properties of this galaxy population, this result evidences the existence of multiple evolutionary pathways to build them up (Laurikainen et al. 2010; Roche et al. 2010; Wei et al. 2010; Barway et al. 2013; Cortesi et al. 2013) , triggering a heated debate over the past years about the mechanisms that have led their formation and evolution. S0's have discs that usually do not follow the typical exponential surface brightness profile (Sil'chenko 2009; Kormendy & Bender 2012; Ilyina & Sil'chenko 2012) . Erwin et al. (2008, E08 hereafter) classified the discs of galaxies into three classes according to the shape of their profiles. Type-I discs are well modelled with an exponential profile for all radii. Type-II galaxies present a brightness deficit at the outer parts of the disc with respect to the extrapolated trend of the inner regions (down-bending profile), becoming steeper after certain radius (this feature is known as truncation). Finally, the surface brightness profile of Type-III discs becomes less steeper than the extrapolation of the exponential trend of the inner parts after the break radius (antitruncation). Consequently, antitruncated discs present an excess of brightness from the break radius outwards compared to the inner exponential profile (up-bending profile).
E08 and Gutiérrez et al. (2011, G11 henceforth) analysed the frequency of each disc profile class as a function of the Hubble type in samples of nearby barred and unbarred galaxies, respectively. They found that the fraction of Type-III profiles is significantly higher in early-type than in late-type galaxies, peaking in the S0's: while 30-50% of S0's are antitruncated, only ∼ 20% of Sc-Sd's have Type-III breaks (see also Ilyina & Sil'chenko 2012) . On the contrary, Type-II profiles are more frequent in late-type galaxies (∼ 25% in S0's against ∼ 80% in Sc-Sd's, see Kregel et al. 2002) . This indicates that the mechanisms for antitruncations are much more frequent in S0's than in spirals. Two questions thus arise from these results: 1) what these mechanisms are, and 2) whether these are key processes for the evolution of spirals into S0's or not. Erwin et al. (2012) also derived the relative frequency of profile types in S0 galaxies for the Virgo cluster and the field. They observed a complete lack of Type-II profiles in cluster S0's, whereas Type-III discs were equally common in S0's in both environments. In the case that the processes responsible of the formation of a disc antitruncation are similar in both environments, the result above would imply that this process occurred with similar relative frequency in clusters and in the field. This would exclude all processes that take place preferentially in dense or in sparse environments as candidates to form Type-III S0's (such as strangulation or gas stripping). However, if there were different ways to produce a Type-III break in S0's depending on the environment, the results by Erwin et al. would imply the existence of a cosmic agreement between these different mechanisms to build up a similar relative fraction of antitruncated S0's in both high and low density environments. Maltby et al. (2012a) reported that the structure of the outer discs of spirals is not significantly affected by the galaxy environment either. These results seem more compatible with a scenario in which there is just one mechanism after the formation of antitruncations in any galaxy type, which takes place with similar likelihood in both high-and lowdensity environments, but that has occurred more frequently in S0's than in spirals. Anyway, more data are required to robustly establish the dependence of the shape of the discs with the environment in both S0's and spiral galaxies (see Laine et al. 2014) .
The processes that can produce antitruncations have been poorly studied. One candidate would be bars, which might produce antitruncations in the discs by means of a secular redistribution of stars and gas, or inducing different star formation thresholds as a function of radial location in the disc (Elmegreen & Hunter 2006; Bakos et al. 2011) . Sil'chenko (2009) argued against this mechanism, because there is a higher percentage of Type-III profiles in unbarred S0 galaxies than in barred ones (50% versus 30%). This is also supported by E08 and G11 results: antitruncated stellar discs appear in ∼ 38% of unbarred S0-Sb galaxies, but only in ∼ 24% of barred ones. No study has demonstrated the feasibility of forming antitruncations through bars, successive stellar formation phases taking place at different radii, disc tides, or radial migration either.
There is observational evidence suggesting that interactions may be responsible for some antitruncations (Erwin et al. 2005; Laine et al. 2014) . In fact, minor mergers are the most invoked mechanism since Younger et al. (2007, Y07 hereafter) proved with numerical simulations that merger experiments with mass ratios above 7:1 and large gas fractions can result in stable antitruncated discs (see also Laurikainen & Salo 2001) . In fact, a scenario in which S0's have grown through a higher number of minor mergers than spirals seems compatible with: 1) the higher percentage of tidal tails and merger relics observed in early types than in late ones (Martínez-Delgado et al. 2010; Baillard et al. 2011; Duc et al. 2011) ; 2) the higher bulge-to-disc ratios exhibited by S0's than by later types on average (because minor mergers are known to induce bulge growth, see Aguerri et al. 2001; Eliche-Moral et al. 2006b ); and 3) the higher fraction of Type-III discs found in S0's than in spirals (see references above). However, a set of minor mergers would progressively exhaust the gas in the remnant galaxy, and according to the simulations by Y07, the lack of gas prevents antitruncations from forming. Therefore, a formation scenario of a Type-III S0 through a set of successive minor mergers would be feasible only if gas infall is extraordinarily efficient.
No study has analysed yet whether major mergers can form Type-III S0's or not. N-body simulations have shown that, for typical gas contents in the progenitors, major mergers present mild probabilities of producing well-defined discs in the remnants (Naab & Burkert 2003; Bournaud et al. 2005 ). Even if a major merger resulted in an S0-like remnant, its disc would form independently of the central bulge (the bulge would result from the merger, whereas the disc would grow around it later through the re-accretion of expelled gas and stellar material). The bulge is thus expected to be structurally decoupled from the underlying disc in S0's that result from major mergers. But this is in strong disagreement with real data, because local S0's exhibit a bulgedisc structural coupling as strong as spirals (Laurikainen et al. 2010) . If major mergers explain with difficulty the global structure of discs in S0's, they cannot be good candidates for explaining the formation of antitruncations either. Arguments like these have pushed major mergers into the background of the formation scenarios of S0's.
However, hierarchical models of galaxy formation predict that E-S0 galaxies have undergone at least one major merger in the last ∼ 9 Gyr regardless of the environment, a scenario that is also supported by several observational studies (see Eliche-Moral et al. 2010a,b; Bernardi et al. 2011a,b; Prieto et al. 2013; Choi et al. 2014 , and references therein). In fact, many authors find observational evidence on the major-merger origin of many S0's at z < 1 (see Peirani et al. 2009; Yang et al. 2009; Hammer et al. 2009a Hammer et al. ,b, 2012 Tapia et al. 2014) . So, the question of whether major mergers can produce Type-III S0's remains unsettled. In order to shed some light on this question, we have investigated whether major mergers can generate S0 remnants with realistic antitruncated disc profiles using N-body simulations. In a forthcoming paper, we will analyse the conditions and physical mechanisms after the formation of these features.
The outline of this paper is as follows. The methodology followed is described in detail in Sect. 2. The results are presented in Sect. 3, where we compare the properties of the antitruncations of our S0-like remnants with those exhibited by real data and perform a modelling of the trends in all the photometric parameters on the basis of three basic scaling relations. The discussion of the results and final conclusions can be found in Sects. 4 and 5. We comment on the limitations of the models in Appendix A. We assume a concordant cosmology (Ω M = 0.3, Ω Λ = 0.7, H 0 = 70 km s −1 Mpc −1 , see Spergel et al. 2007 ). All magnitudes are in the Vega system.
Methodology
In order to investigate if major mergers can result in realistic S0's with antitruncated stellar discs, we have analysed the remnants available in the GalMer database, which is a library of hydrodynamic N-body simulations of galaxy mergers. It is briefly described in Sect. 2.1. We have selected the major merger experiments that are dynamically relaxed and which present typical properties of S0 galaxies at the end of the simulation. The selection is described in detail in Eliche-Moral et al. (in preparation, Paper I hereafter) , but we summarize it in Sect. 2.2. The simulation of realistic surface brightness profiles from the mass density maps of the selected remnants is presented in Sect. 2.3. Finally, Sect. 2.4 shows the procedure carried out to identify and characterize the antitruncations in the remnants.
The GalMer database
The GalMer database 1 is a public library of hydrodynamic Nbody galaxy simulations of galaxy mergers developed under the Horizon Project (Chilingarian et al. 2010 ). Here, we will provide a brief summary of the most relevant aspects of these simulations, but we refer the reader to Chilingarian et al. for detailed information.
GalMer contains ∼1000 dissipative simulations of binary galaxy encounters, considering progenitors with different morphologies (E0, S0, Sa, Sb, Sd) and sizes (g: giant, i: intermediate, d: dwarf), which interact according to different orbital configurations. The database presents a web form which allows the selection of the simulations on the basis of the types, sizes of the progenitors, and the orbital parameters: inclination of the galaxies with respect to the orbital plane, initial distance between progenitors, pericentre, motion energy, and spin-orbit coupling type (prograde or retrograde encounters). The mass ratios of the encounters range from 1:1 to 20:1 depending on the couple of progenitors under consideration, although the majority of the experiments contained in the database are major encounters, and exclusively between giant progenitors. As we are interested in studying whether major mergers can give rise to antitruncations, we have centred our analysis on the available major merger experiments, which sum up 876 models in total. We emphasize that these major merger models consider only giant progenitors (there are no intermediate -intermediate or dwarf -dwarf major encounters in GalMer up to date).
Each progenitor galaxy is modelled as an spherical nonrotating dark-matter halo, a stellar disc (except for E0 progenitors), a gaseous disc (except for E0 and S0 progenitors), and a central non-rotating bulge (except for Sd progenitors). The bulge-to-disc ratios in the S0, Sa, and Sb progenitors are 2.0, 0.7, and 0.4 respectively (see Paper I). Spherical components are modelled as Plummer spheres, with characteristic mass and radius M B and r B for the bulge, and M H and r H for the dark matter halo (see Table 1 ). The stellar and gaseous discs follow the Miyamoto-Nagai density profile (Miyamoto & Nagai 1975) , with masses M ⋆ and M g respectively, vertical and radial scalelengths given by h ⋆ and a ⋆ in the stellar one and by h g and a g in the gaseous one (we list them in Table 1 ). The total number of particles for the giant -giant major merger simulations is 240,000, with 120,000 particles per galaxy distributed among its components depending on the morphology. Total stellar masses in the progenitors range ∼ 0.5 -1.5 × 10 11 M ⊙ . The characteristic parameters and number of particles of each component in 1 The GalMer database is available at: http://galmer.obspm.fr/ the five types of giant progenitors are shown in Table 1 . Mass ratios range from 1:1 to 3:1 for the considered simulations, as indicated in Table 2 . Note that there are no major merger simulations including gS0 progenitors in the database.
Each merger experiment within the database has been evolved for 3 -3.5 Gyr using a Tree-SPH code, in which gravitational forces are calculated using a hierarchical tree method and the gas evolution is simulated by means of smoothed particle hydrodynamics. The softening length is fixed to ǫ = 280 pc in the giant -giant encounters. Pressure gradients, gas viscous forces, radiative forces, and star formation are considered. Gas particles are modelled as hybrid particles, following the method described in Mihos & Hernquist (1994) . These particles are characterized by two mass values at each time t during the whole period of the simulation: the total gravitational mass of the particle, M i , and the gas mass remaining in it at time t, M i,gas . When the gas fraction falls below 5% of the initial M i,gas content, the hybrid particle turns into a stellar particle and the remaining gas is dispersed among its neighbours. Each hybrid particle presents its own star formation rate (SFR) and stellar mass loss history. The simulations assume a certain Initial Mass Function (IMF) and a prescription for star formation to account for the mass returned to the ISM by the young stars. GalMer simulations assume isothermal gas with a temperature T gas = 10 4 K. Each simulation will be referred from now on with the where [type1] and [type2] are the morphological types of the progenitor galaxies, and [orbit] refers to the numerical identifier of the orbit used in the GalMer database, which is unique for each set of orbital parameters. This nomenclature is simpler than the original one used by Chilingarian et al. (2010) , which specifies the orbital parameters in the name of the experiment ( Table with the equivalence of both nomenclatures will be provided in Paper I. The simulations are classified within the database considering the progenitor of the earlier Hubble type as the primary galaxy in each experiment, in order to avoid duplicated models in the database. GalMer provides the simulations in binary FITS tables, one per time t from the starting of the simulation to the final time, in time intervals of 50 Myr. The position, velocity, mass, and relevant properties at time t for each particle in the simulation are stored in each FITS file. We show the time evolution of one of these experiments in Fig. 1 .
We remark that, in the present study, we have analysed the major merger simulations available in the database, which only consist of giant -giant encounters. The stellar mass of the remnants ranges between ∼ 1 -3 × 10 11 M ⊙ . We will take this into account when comparing with observations in Sect. 3.
Selection of S0-like relaxed remnants
We have selected the major merger experiments from GalMer which result in S0-like relaxed remnants at the end of the simulation. This selection is described in detail in Paper I. Here, we briefly describe the procedure and the final sample of merger experiments used in the present study.
From the initial sample of 876 simulations of major mergers available in GalMer, we first removed those that do not produce a unique remnant body at the end of the simulation (i.e., those that are flyby interactions or encounters that take longer to merge than the considered time interval). In most cases, the galaxies are merged into a single body soon after the second pericentre passage. Then we identified the experiments that result in a final remnant with a noticeable disc component and apparently Fig. 1 : Time evolution of the baryonic material in a merger model in which the two progenitors are gSd galaxies (experiment gSdgSdo23). Time is given in the bottom left corner of each frame. At each snapshot, the view is centered on progenitor 1 with θ = 45 o and φ = 90 o , assuming the original coordinates system of the GalMer simulation. Particles belonging to different galaxy components in the two merging galaxies are coded with different colours according to the legend in the panels. The label "Star total" refers to the collisionless stellar content of each progenitor (i.e., the "old stars"). [A colour version of this figure is available in the online edition.] relaxed, inspecting the mass density maps of the stellar material. These maps were analysed visually with the previewer of the GalMer database, considering different views and distances to the galaxies. Using the classifications performed by three independent co-authors, we obtained an initial subsample of 215 candidates to be relaxed S0-like remnants, which represents ∼ 25% of all the major mergers stored in the database.
We performed a set of quantitative tests on each remnant on the basis of strict dynamical criteria to discard the remnants that were not dynamically relaxed from this subsample, obtaining a subsample of 173 final relaxed remnants with a high probability of having a disc component that might be detectable in broadband images.
In order to test whether the discs of our S0-like remnants present antitruncations coherent with those observed in real S0 galaxies, we first need to assess that the analysed remnants look like real E/S0 and S0 galaxies in simulated broad-band photometric images that mimic real observations. Realistic photometric images of these stellar remnants were simulated in several broad bands (B, V, R, I, and K) , in both face-on and edge-on views, in order to visually classify them according to their morphologies (E, E/S0, S0, or spiral). This step is extremely relevant for our study, because previous theoretical studies usually identify morphological features in simulated remnants only through density maps or in plots of the projected locations of the particles, which do not account for the limited spatial resolution and depth, the cosmological dimming, and the noise inherent in real astronomical data. These maps do not consider the effects of distance (which typically fade out the external regions of galaxies) or the different mass-to-light ratios (M/L) across the galaxy, so it cannot be ensured that a disc component observable in these maps would be detectable by an observer accounting for all these effects. An example of the loss of disc components in our remnants when observational effects are considered is shown in Fig. 2 . We compare identical views of the remnant of model gSdgSdo9 in realistic simulated deep R-band images and in simple plots of projected positions of the particles. The outer disc regions and the tidal tails that are clearly observed in the plots of projected locations are practically lost in the R-band images. The satellite located at ∼ 15 kpc from the remnant centre becomes difficult to detect in the image, even though the limiting magnitude assumed is quite deep (µ R = 27.5 mag arcsec −2 ). We have converted the stellar mass contained in each particle into light flux in a given band by assuming the M/L value in the band corresponding to a stellar population with the average age and metallicity of the stars contained in the particle, according to the stellar population synthesis models by Bruzual & Charlot (2003) . For collisionless stellar particles (old stellar particles, 
Rows: (a) Characteristic parameters of the Plummer spheres used to model the bulge and the halo of the progenitor galaxies, for the different morphological types under consideration. (b) Characteristic parameters of the Miyamoto-Nagai density profiles used for the gaseous and stellar discs for the different morphological types of the progenitors. (c) Number of hybrid (initially gaseous), collisionless stellar, and dark matter particles used to simulate each progenitor galaxy, as a function of its morphological type. henceforth), we considered evolutionary models that assumed a SFH characteristic of the morphological type of the progenitor the particle originally belonged to. The parametrization of the SFH for each progenitor type (E, Sa, Sb, or Sd) was taken from Eliche-Moral et al. (2010a) , and it is based on observational studies. The age assumed for old stellar particles (which basically make up the whole structure of the remnants, and in particular, the discs) has been set to 10 Gyr, according to the results of recent studies on the old stellar content of the discs in nearby S0 galaxies Sil'chenko 2013) . The effects of this assumption are analysed in detail in Sect. 3. For hybrid particles with some stellar content at the end of the simulation, we instead considered simple stellar population (SSP) models for describing the SFH occurring in them during the whole simulation. This is justified by the fact that the star formation in most mergers basically takes place in two short starbursts: one occurring soon after the first pericentre passage, and the other after the full-merger moment (di Matteo et al. 2008) . Therefore, a SSP model is a reasonable approximation for the SFH experienced by hybrid particles. The IMF was set to Chabrier type and the stellar evolution to the prescription of Padova 1994 models in all cases. For the simulated images, we have also considered observing conditions (such as limiting magnitude, photon noise, spatial resolution, and seeing) analogous to those of the data in the observational studies by E08 and G11, which we are going to consider as the observational reference samples throughout the paper. We assumed a luminosity distance of D = 30 Mpc to convert between spatial into sky projected angular ones, because this is approximately the maximum distance exhibited by the S0 galaxies contained in the reference observational sample by E08 and G11. This ensures that any break found in our simulated remnants would be detectable by these observers too. Dust extinction has not been considered in the simulated images (Sect. A.2.3). Five co-authors performed independent morphological classifications attending to the photometric images of each remnant. The final morphological type of each remnant corresponds to the median value of the five classifications. A complete agreement between all classifiers was obtained in 85% of the remnants, ensuring the robustness of the final classification. In the sample of 173 relaxed major merger remnants with possible detectable discs, we finally identified 106 E's, 25 E/S0's, and 42 S0's, which correspond to the following percentages: 61.3% of E's, 14.4% of E/S0's, and 24.3% of S0's. We remark that the elliptical galaxies contained in this subsample are particular, in the sense that, even though they have no significant or recognizable disc in realistic broad-band photometric images, they host a disc component which can be identified in their density maps.
We confirmed the morphological classification (elliptical or disc galaxy) by identifying the two galaxy components (bulge+disc) in realistic simulations of the radial surface brightness profiles of the remnants in the V, R, and K bands (for more information, see Sect. 2.3). We also studied the global kinematics, final SFR levels, and gas contents of the remnants, to assess that they are typical of the assigned morphological types. We found that all the relaxed remnants in our sample with S0-like morphology (25 E/S0's and 42 S0's) exhibited morphological, structural, and kinematic properties coherent with those observed in real E/S0 and S0 systems, as well as gas contents and SFRs typical of these types. For more details, see Paper I.
Simulation of realistic surface brightness profiles
In order to identify breaks in the discs of our final sample of 67 E/S0 and S0 relaxed remnants, we have simulated realistic surface brightness profiles from projected radial mass density profiles, reproducing the photometric band and observing conditions of the real data used in E08 and G11 and following a procedure similar to the one commented in Sect. 2.2 to simulate realistic photometric images. This ensures that the features identified as Type-III breaks are comparable to those observed in real data.
To convert mass into light, we adopted for each particle the M/L ratio in the R band corresponding to a stellar population of the same age and metallicity of the particle, as described in Sect. 2.2, where specific details are provided. We remark that we have not included dust extinction. We have obtained azimuthally-averaged 1D surface brightness profiles of the stellar material in the remnants, considering face-on views of them centred on their mass centroids. By assumption, the face-on view of each remnant corresponds to the direction of the total angular momentum of its baryonic content. Therefore, any di-rection perpendicular to this will provide an edge-on view of it. We have chosen the direction that is in the XY plane of our original coordinates system.
The R-band images in E08 and G11 studies reached depths of µ R ∼ 27 -28 mag arcsec −2 for a limiting signal-to-noise ratio of S /N = 5. We have thus assumed a limiting surface brightness of µ R ∼ 27.5 mag arcsec −2 for S /N = 5 in our simulations and added Poissonian noise to the data considering the limiting signal-to-noise ratio. The projected spatial resolution has been fixed to the average seeing of their data too (FWHM∼ 0.7 ′′ ). To ensure that our profiles can be compared to those obtained by E08 and G11, we have assumed a distance to the remnants of D = 30 Mpc, which is the maximum distance within this observational sample (see also Sect. 2.2). We have assumed the concordant ΛCDM cosmological model to convert from physical lengths to projected angular values and to correct for cosmological dimming.
We have also reproduced the radial average performed by E08 and G11 to the surface brightness profiles of their data to improve the S /N ratio in the outskirts of the discs. Their spatial radial bins in the profiles fulfilled the non-linear relation: R i+1 = 1.03×R i (i.e., they are logarithmically equispaced). Therefore, the spatial resolution in the profiles decreases as the radial position increases in the discs. Note that neither these non-equispaced radial bins nor the seeing considered affect our analysis, since we are dealing with large radial extensions in the galaxy. We trace our galaxy discs until 40 -70 kpc in radius, so the largest radial bin considered (located at the end of the disc) is narrower than ∼ 2 kpc in any case for our simulations. Additionally, the minimum spatial resolution (0.7 ′′ at the initial radial bin, at the galaxy centre) is equivalent to ∼ 100 pc for the distance considered to our remnants (D = 30 Mpc). This scale is even lower than the softening length used in the experiments, which really sets the minimum spatial resolution of the simulations. Therefore, the discs in our remnants are adequately sampled, with spatial resolutions between ∼ 0.3 -2 kpc as we move towards the disc outskirts.
Some examples of the resulting R-band radial surface brightness profiles are plotted in Fig. 3 . All profiles exhibit a clear bulge+disc structure, with evidence of additional galaxy components in some of them, such as lenses (see, e.g., model gSagSao5). The profiles are quite regular and smooth in general, and correspond to one of the three profile types defined by E08 (Type-I, Type-II, or Type-III). Some of the mergers develop a significant population of tidal satellites around the final remnant, which produce noticeable peaks in the profile at their radial locations. In Fig. 4 , we compare the surface brightness profiles of two Type-III remnants. The remnant of model gSdgSdo69 presents several tidal satellites, which produce the peaks in the surface brightness profiles at r ∼ 40 and r ∼ 60 kpc. The remnant of model gSagSdo73 does not have any tidal satellite, so its profile presents a smooth decay along the whole radial range under consideration. We have ignored the existence of these peaks in the analysis of the structure of the remnant discs.
In Paper I, we show that our S0-like remnants are bluer than nearby quiescent S0's by ∼ 0.6 mag due to the recent bursts of star formation induced by the mergers. This effect makes the average M/L ratios used in our models to be ∼ 0.5 times smaller than the typical ones in quiescent early-type galaxies. Therefore, our remnants are inherently twice as bright as the brightest galaxies in the reference samples by E08 and G11 in general, despite the fact that they may have similar stellar masses, just because of these recent merger-induced starbursts. Moreover, other assumptions adopted to estimate the M/L ratios used in the models also affect the total luminosity of the remnants, such as the selected ages of the old stellar particles, the SFHs assumed for the old stellar particles of each progenitors, the IMF, or the effects of dust extinction (see Appendix A).
Additionally, our remnants are also ∼ 2 times larger than the S0's in E08 and G11 samples. The optical size of the remnants in our simulations is R 25 ∼ 20 kpc on average, whereas R 25 ∼ 10 kpc typically in the Type-III S0's of the observational samples (see Table 3 ). Therefore, our S0-like remnants are twice as bright and larger than the most massive S0's present in E08 and G11 samples, despite of having similar stellar masses (Sect. A.2.1).
This does not mean that our remnants have unrealistic luminosities or sizes, because present-day massive S0's seem to have evolved passively during the last ∼ 6 Gyr (see references in Sect. 1), whereas our remnants have experienced passive evolution for ∼ 1 -2 Gyr at most (Paper I). Consequently, the stars formed in the merger-induced starbursts are quite young. Considering the evolution of the SFHs typically assumed as representative of E-S0's, these galaxies can fade by up to ∼ 1 mag and ∼ 2 mag in the K and B bands respectively during the ∼ 2 Gyr after its buildup (Prieto et al. 2013) . Therefore, the offset between the data and the simulation in the total luminosities might be reduced just allowing the remnants to relax for a longer time period. In fact, there are S0 galaxies in the NIRS0S sample (Laurikainen et al. 2010 (Laurikainen et al. , 2011 with masses and scalelengths similar to our remnants (Querejeta et al., in preparation, Paper III of this series), but the reference observational samples used in this study (E08; G11) lack these systems due to volume limitations. Anyway, we will show that the physical mechanism after the formation of antitruncations in real S0's and in our major merger simulations is highly scalable, because both simulations and observations overlap in scale-free photometric planes, showing very similar trends. This scalability ensures that the results obtained in our simulations can be extrapolated to other mass ranges and validate their comparison with real data.
All these differences in the size and luminosity of our remnants compared with the data in E08 and G11 are accounted in the discussion of the results in Sect. 3.
Identification and characterization of the antitruncated remnants
We have visually classified the structure of the discs in our sample of 67 S0-like remnants according to the classification scheme by E08 (Type-I, Type-II, or Type-III). We finally obtained a sample of 47 major merger remnants with S0-like morphology (i.e., E/S0 or S0) and stable Type-III discs (i.e., antitruncated) from the initial sample of 67 relaxed S0-like remnants. These features are kinematically stable (Borlaff et al., in preparation). The major merger models that result in Type-III S0-like remnants are listed in Table 3 . Some examples of surface brightness profiles are plotted in Fig. 3 . This means that ∼ 70% of the major merger simulations that result in a relaxed S0-like remnant have antitruncated stellar discs. Note that this percentage cannot be compared with the fraction of S0's with antitruncated stellar discs estimated by observers, because our simulations do not consider any cosmological context. We have characterized the detected antitruncations quantitatively following the procedure by G11 (see also Maltby et al. 2012a ). These authors fitted Freeman profiles to the inner and outer discs defining the break to derive their photometric parameters, so they perform "piecewise fits". The Freeman exponential profile corresponds to a Sérsic profile with a characteristic index n = 1 (Freeman 1970) , and turns into a linear relation in r in magnitude units:
where the surface brightness µ(r) at a certain radius r depends on two parameters: µ 0 (the central surface brightness provided in mag arcsec −2 ) and h 0 (the e-folding scalelength for the disc expressed in arcsec). The piecewise fits provided the central surface brightness for the inner and outer discs in mag arcsec −2 (µ 0,i and µ 0,o ), as well as their scalelengths in arcsec (h i and h o , respectively). G11 defined the break radius, R brkIII , as the point where the fitted profiles cross, and the break surface brightness, µ brkIII , as the surface brightness of the disc at r = R brkIII .
E08 fitted the whole profile of the discs using "brokenexponential" functions, instead of performing piecewise fits (see also Laine et al. 2014) . They concluded that the characteristic photometric parameters of the inner and outer discs obtained by both procedures agreed pretty well (the scalelengths differed by only 1-5% on average). As the G11 sample contains many more Type-III S0's than that of E08, we decided to reproduce the procedure followed by G11 (piecewise fits), even though we have compared our results with both observational samples.
G11 also defined the minimum and maximum radii delimiting the inner and outer discs around each break visually, and used the data within these limits to perform the linear fits to each disc region. We have mimicked this procedure, visually selecting the radial upper and lower limits for the inner and outer discs of our antitruncated remnants, and then performing least-squares linear fits to the data corresponding to each part of the disc. We have selected the radial limits tracing disc regions before and after the break with a relatively constant slope in the R-band surface brightness profile of each remnant.
We have carefully overridden the bulge region to define the lower radius of the inner disc region, paying attention to the R-band photometric images of the remnant (mostly, in edge-on view), to the shape of the bulge profile in the centre of the galaxy, and to the radial profile of the velocity dispersion of the remnant (σ(r), see Fig. 3 ).
As commented above, some major mergers generate many tidal satellites around the main remnant body which remain strongly bound at the end of the simulation (this is frequent in gas-rich encounters, see models gSagSdo9 and gSdgSdo42 in Fig. 3 ). These peaks obviously bias the fits slightly towards brighter µ 0,i or µ 0,o values, but the change is negligible and is contained within the typical observational errors (< 0.2 mag arcsec −2 ). Therefore, we have ignored the existence of these peaks in the fits. Moreover, we have checked that tidal satellites do not affect either to the break radius or the break surface brightness of the remnants significantly.
Disk galaxies usually present secondary components embedded within the global bulge+disc structure, such as bars, rings, and/or lenses (Prieto et al. 2001) . In particular, these structures are specially common in S0's (Laurikainen et al. 2010 (Laurikainen et al. , 2011 Sil'Chenko et al. 2011 ). Many of our S0-like remnants host inner bars and discs, as well as lenses and systems of lenses (see Paper I). Sometimes, lenses in real galaxies are associated with a spherical component, and others, they are related with disc components, as part of a system of nested discs (Erwin et al. 2005) . Laine et al. (2014) have found a structural relation between Type-III breaks in galaxies and the existence of lenses or rings in them. As we are interested in breaks that really trace the transition between nested discs, we have analysed if any of our breaks may be related with spheroidal components that result from the merger, in order to remove it from our sample.
We have first determined the Type-III breaks in our S0-like remnants that correspond to lens -disc transitions and to genuinely disc -disc ones. While rings and bars can be easily identified in simulated broad-band images through visual inspection, the identification of lenses may be a subtle process. We have identified the lens components in our remnants as done in observations: lenses are regions external to the bulge with constant surface brightness, that stand out from the exponentially decaying profile of the external disc in optical images (Laurikainen et al. 2005; Sil'chenko 2009 ). This identification has been corroborated through photometric decompositions, ensuring that the surface brightness distribution in the lens component could be fitted with a Sérsic profile with n ∼ 0.2 − 0.5 (Laurikainen et al. 2009 (Laurikainen et al. , 2010 . We have found 8 out of our 47 Type-III S0-like remnants in which the inner discs correspond to a lens component. The antitruncations in the rest of remnants trace pure disc-to-disc transitions. Values of the radius and surface brightness of the antitruncation (R brkIII , µ brkIII ). The photometric parameters of the breaks and the inner and outer discs resulting from the piecewise fits are shown in each panel (the surface brightness values are provided in mag arcsec −2 and the scalelengths are in kpc). R 1/2 corresponds to the half-light (or effective) radius of the whole galaxy and R lim is the radius at which the limiting magnitude of the profile is achieved. R 25 (R) refers to the radius of the isophote with µ R = 25 mag arcsec −2 . R 25 (R) is not equivalent to R 25 used throughout the manuscript (defined in the B band instead).
Fig. 3: (Continued figure). [A colour version of this figure is available in the online edition.]
Article number, page 10 of 31 Table 3 : Characteristic photometric parameters of the antitruncations and the inner and outer discs in our S0-like remnants resulting from major mergers We have then analysed the 3D structure of these lenses in face-on and edge-on simulated images of the remnants in optical broad bands (see Fig. 3 ). We find that these lenses are so flat that we can deal with them as inner discs. Therefore, all the antitruncations detected in our S0-like remnants really trace inner-to-outer disc transitions (i.e., they are related with flat components).
The higher luminosities of the S0-like remnants due to the recent starburts and the assumptions adopted to estimate the M/L ratio imply that the remnants present surface brightness values brighter than nearby quiescent S0's by ∼ 1 mag arcsec −2 in R (see Sect. 3.2.1 and comments in Sect. 2.3). We have checked whether we would detect the breaks if the profiles were weaker by ∼ 1 mag arcsec −2 , finding that the breaks of only two models would be lost. This means that the youth of the recent stellar populations in our models does not affect significantly the detection of the breaks.
Some examples of fits performed to the inner and outer discs of each Type-III S0-like remnant are plotted in Fig. 3 . We have listed the resulting values of µ 0,o , µ 0,i , h o , h i , R brkIII , and µ brkIII for our 47 antitruncated S0-like remnants in Table 3 .
Results
In the next sections, we compare the photometric properties of the breaks and the inner and outer discs found in our remnants with those observed in real Type-III S0 galaxies. In Sect. 3.1, we provide a global description of the properties of the antitruncations detected in our S0-like remnants of major mergers. Section 3.2 is devoted to the analysis of the trends followed by real and simulated Type-III S0's in several photometric planes involving the parameters of the breaks (Sect. 3.2.1) and of their inner and outer discs (Sect. 3.2.2). We study these trends in scalefree analogs of these planes in Sect. 3.3, showing that, while real and simulated data do not follow any clear correlation in some diagrams (Sect. 3.3.1), others exhibit strong scaling relations in both real data and simulations (Sect. 3.3.2). The influence of bars in these trends is analysed in Sect. 3.4. Section 3.5 shows the results of the Kolmogorov-Smirnov test in two dimensions to the distributions of real and simulated data in the planes where they overlap. Finally, we demonstrate that the trends in all the photometric planes can be derived just on the basis of three simple scaling relations fulfilled by both real and simulated Type-III S0's (Sect. 3.6).
As commented above, the samples by E08 and G11 are used as observational references. As we have simulated their observational conditions to derive the surface brightness profiles of our remnants, we can ensure a fair comparison of models with data.
Global description of the antitruncations resulting in the simulations
As commented in Sect. 2.4, we have found that 47 out of 67 relaxed S0-like remnants (∼ 70%) from major mergers develop clear antitruncated stellar discs. These antitruncations are visually detectable in realistic R-band surface brightness profiles (see Fig. 3 ). Table 3 shows that the Type-III S0-like remnants resulting from our major merger simulations have scalelengths ranging from ∼ 5 kpc up to ∼ 15 kpc for the inner discs and between ∼ 12 kpc and ∼ 52 kpc for the outer discs. Typical central surface brightness values of the inner and outer discs are ∼ 19 -23 mag arcsec −2 and ∼ 21 -25 mag arcsec −2 , respectively. These values imply µ brkIII ∼ 22 -26 mag arcsec −2 and R brkIII ∼ 20 -50 kpc in our remnants.
This proves that, once a major merger results in a relaxed E/S0 and S0 galaxy, it has a high likelihood to have an antitruncated stellar discs. Therefore, major mergers are a feasible mechanism to explain the formation of Type-III S0 galaxies in less than 3.5 Gyr.
Photometric planes of antitruncations 3.2.1. Planes involving the break parameters
In Fig. 5 , we represent the distribution of our S0-like remnants in several photometric planes involving the µ brkIII parameter, compared to observational data of Type-III S0's (E08; G11). The top panel of the figure shows that our S0-like remnants exhibit break radii ∼ 2-3 times larger than those observed in nearby S0's, but similar values of the break surface brightness (22 < µ brkIII < 26 mag arcsec −2 ). However, if µ brkIII is plotted against the break radius normalized to the total optical extent of the galaxy, R 25 , the data and the simulations overlap, showing similar linear trends, slightly offset by ∼ 1 mag arcsec −2 (see the intermediate panel of the figure) .
We have performed least-squares linear fits to the observational and simulated samples in the µ brkIII -R brkIII and µ brkIII -R brkIII /R 25 diagrams. They are overplotted in the two first panels of Fig. 5 (dashed lines for the fits to the observational data, and solid lines for the fits to the major merger simulations). The results are listed in Fig. 5 : Distributions of our Type-III S0-like remnants in the diagrams of µ brkIII versus R brkIII , R brkIII /R 25 , and M B , compared to real antitruncated S0 galaxies (E08; G11). The lines correspond to linear fits performed to the major merger remnants (solid line) and to the observational sample (dashed line). The fit performed to observations in the plane µ brkIII -R brkIII is one of the three simple scaling relations from which the relations observed in the rest of photometric planes can be derived (see Sect. 3.6), so it has been printed in red. Dotted line: Expected relations assuming the simple scaling relations h i ∝ R brkIII , h o ∝ R brkIII , and µ brkIII ∝ R brkIII obtained for real data. Consult the legend in the figure. [A colour version of this figure is available in the online edition.]
The fact that the major merger simulations do not lie on top of the extrapolation of the observational trend in the top panel of Fig. 5 might imply that, 1) if our remnants had similar sizes and luminosities as observational data (and thus similar average surface brightnesses), they would have their breaks located at unrealistically high radial locations. However, 2) if they are larger than real galaxies in the reference observational sample, it could be that the breaks are located at higher radii just because of a question of scaling, as we will see. Note that, in this last case, the distribution of our simulations in the top panel of the figure implies that they are ∼ 1 mag arcsec −2 brighter than they should for their R brkIII values, compared to real data. The former possibility would directly reject major mergers as feasible mechanisms to explain the formation of realistic antitruncations, whereas the latter would not, because the offset in µ might be due to the assumptions adopted to estimate the M/L ratios in the models or to the blue colours of the remnants compared to quiescent galaxies with similar masses, and thus could be easily overriden (see Sect. 2.3 and Appendix A). The intermediate panel of Fig. 5 directly discards the first possibility. It indicates that the relative radial location of the antitruncations with respect to the total galaxy size (as provided by R 25 ) scales linearly with µ brkIII in both real data and simulations. By normalizing R brkIII by the typical size of the galaxy, we remove the effects of the different scale of real S0's and of our remnants. Both data sets overlap and show similar linear trends in the µ brkIII -R brkIII /R 25 plane. If our remnants presented breaks at unrealistic radial locations in the discs compared to their sizes, they would show a different slope from the observations in this diagram.
This supports the idea that our simulations present an excess of brightness by ∼ 1 mag arcsec −2 (according to their R brkIII values) with respect to observational data in the µ brkIII -R brkIII diagram (top panel of Fig. 5 ), but that the radial locations of the breaks are realistic accounting for the size of the S0-like remnants. If our simulations are displaced by ∼ 1 mag arcsec −2 towards fainter magnitudes, the low-R brkIII end of the simulated S0's distribution overlaps with the high-R brkIII end of the observational distribution in the µ brkIII -R brkIII . This dimming would also affect the location of the simulations in the µ brkIII -R brkIII /R 25 plane (intermediate panel of Fig. 5 ). Besides making the surface brightness values of the simulations fainter, it would probably decrease R 25 .Consequently, the simulations would move towards fainter µ brkIII and higher R brkIII /R 25 ratios in the diagram, still being consistent with observational data.
The bottom panel of Fig. 5 compares the distribution of observations and simulations in the µ brkIII vs. B-band absolute magnitude (M B ) diagram. There is no clear trend in this plane either for the real data or for the major merger simulations. Our remnants are brighter than the brightest galaxies in the reference observational sample by ∼ 1 mag, as already commented. We remark that the offsets in total magnitude and in surface brightness between real data and simulations are basically due to the assumptions adopted to estimate the M/L values used in the models and to the presence of young stellar populations formed in the merger-induced starbursts induced (Sect. 2.3 and Appendix A).
In Fig. 6 we compare the distribution of our antitruncated S0-like remnants in the plane R brk /R 25 vs. rotational velocity (V rot ) with the one exhibited by Type-III galaxies in the samples by Pohlen & Trujillo (2006) , E08, and G11. We have distinguished between Type-III S0's and spirals. The V rot values for the real Type-III S0's have been taken from the Leda database 2 (Paturel et al. 2003) , and correspond to V max values obtained from absorption kinematic data by several authors (Peterson 1978; Bottema 1989; Bertola et al. 1995; Jore et al. 1996; Bettoni & Galletta 1997; Fisher 1997; Simien & Prugniel 1998 , 2000 . The major merger models and the real galaxies disperse widely in the diagram, without showing any clear trend. Our S0-like remnants overlap with the distribution of real Type-III S0's, which accumulate towards low-to-intermediate values of V rot . This means that major mergers are in agreement with the distribution of real data in this plane too.
In conclusion, the global properties of the breaks in the S0-like remnants coming from major mergers are consistent with those of real antitruncated S0 galaxies. This supports major mergers as a feasible mechanism for producing S0 galaxies with realistic antitruncated stellar discs. Figure 7 shows the different trends of simulated and observational data in the µ 0,i -h i and µ 0,o -h o diagrams. Linear fits to the observational and the simulated sample are overplotted (see Table 4 ). We find that both samples follow linear scale relations in these two planes. Our remnants present higher h i and h o than the Type-III S0's in the observational sample, again because of the different size of the remnants and the real galaxies. We will show that, once these scalelengths are normalized to the total galaxy size, our simulations also overlap with observations in the scale-free analogs of these photometric planes (see Sect. 3.3). The simulations are displaced from the extrapolation of the observational trends by ∼ 1 mag arcsec −2 in µ 0,i and µ 0,o , as also happened with µ brkIII (see Fig. 5 ). But, as commented before, this offset is a consequence of the assumptions adopted for modelling the M/L ratios and of the bluer colours of the remnants compared to real galaxies, because of their recent starbursts (see Sect. 2.3 and Appendix A). Laine et al. (2014) have recently reported the existence of these linear trends in the µ 0,i -h i and µ 0,o -h o planes of real antitruncated disc galaxies with IR data, which we also find in the R-band data by E08 and G11. Our major merger simulations also follow linear trends in these photometric plane, in agreement with observations. In Fig. 8 , we analyse the relation between h i and h o in the real and simulated data. We find a strong linear correlation between the scalelengths of the inner and outer discs in real data and simulations. However, the linear fits to each distribution in the plane differ slightly in the slopes, probably due to the large dispersion of the data (see the resulting fits in Table 4 ).
Planes involving the parameters of the inner and outer discs
This linear trend can be expected from the fact that both scalelengths fulfill tight linear trends with R brkIII , as derived from Fig. 9 . The top panels show the distributions of our Type-III S0-like remnants in the photometric planes relating h i and h o with R brkIII . Real data have been plotted again for comparison, as well as the resulting linear fits to the simulations and to the observations (see Table 4 ). We also represent the location of the remnants that result from the minor merger simulations by Y07.
The plots indicate that Type-III S0 galaxies present more external R brkIII on discs with higher scalelengths. The similarity of the trends followed by simulations and data in the h i -R brkIII and h o -R brkIII planes is remarkable: simulations overlay the extrapolation of the linear trends shown by observations towards higher R brkIII values. The fact that the minor mergers by Y07 also fulfill these extrapolations, overlapping our major merger simulations at the lowest R brkIII values is also very significant. This suggests that the physical processes after the formation of antitruncations in major and minor mergers must be similar, even though the underlying disc structure has a different origin in the two cases: the disc of the main progenitor survives in minor events, whereas the disc is destroyed and rebuilt in major encounters. The different location of Y07 simulations and ours in these diagrams should not be interpreted as an evidence of the minormerger origin of the breaks in real galaxies, just because they are located at low R brkIII values. These diagrams do not account for the different scale in mass, luminosity, and size of the simulated galaxies with respect to the real ones. The remnants of Y07 simulations have stellar masses similar to our less massive simulations (∼ 10 11 M ⊙ ). We will show that, once the scalelengths in these diagrams are normalized to the total galaxy size, both major and minor merger simulations overlap with observations (Sects. 3.3.1 and 3.3.2).
The bottom panels of Fig. 9 show the location of simulated and observational data in the µ 0,i -R brkIII and µ 0,o -R brkIII diagrams. As already noticed, there is an offset of ∼ 1 mag arcsec −2 between models and real data, but taking this into account, the simulations would lie on top of the extrapolation of the observational trends towards higher R brkIII (see Sect. A.2).
Summarizing, we have found that the real Type-III S0's present well-defined linear trends of the characteristic parameters of the inner and outer discs with R brkIII and between them that had not been reported in previous studies. The antitruncated S0-like remnants resulting from major merger simulations reproduce these linear observational trends.
Scale-free photometric planes of antitruncations
In order to see if our simulated Type-III profiles are realistic, we need to compare their characteristic photometric parameters taking into account that our remnants have different mass, luminosity, and size scales to the Type-III S0's in the samples by E08 and G11. Therefore, we have also analysed the distributions of real and simulated galaxies in scale-free diagrams.
We have removed the offset in surface brightness between our models and real data by plotting differences of central surface brightness values in the inner and outer discs with respect to µ brkIII in each galaxy, instead of net values. Typical scalelengths have also been normalized to the total optical size of the galaxy to remove size scaling effects between real data and the simulations. We have considered the radius of the isophote with µ B = 25 mag arcsec −2 as an estimate of the total optical radius of the galaxy (R 25 ), following E08 and G11 (R 25 is thus defined in the B band). The values of R 25 for each S0-like remnant are listed in Table 3 .
Planes showing no correlation
In the top panels of Fig. 10 , we plot the distributions of our S0 Type-III remnants in the diagrams (µ 0,i − µ brkIII ) vs. the scalelengths of the inner and outer discs normalized to R 25 . The bottom panels show the same for (µ 0,o − µ brkIII ). The figure shows that the simulations overlie the observational data in all these planes, but neither observations nor major merger simulations exhibit any trends. Therefore, major mergers can build up antitrucated S0-like remnants that reproduce the lack of any correlation in these planes observed in real Type-III S0's.
We analyse the relation between the ratio of the scalelengths of the inner and outer discs with the radial location of the antitruncation in Fig. 11 . In the left panel, we show the distribution of our S0-like remnants and of real data without normalizing R brkIII , while the right panel plots h i /h o as a function of R brkIII /R 25 . The minor merger simulations by Y07 have been overplotted in the first panel. Our remnants are clearly displaced towards higher R brkIII than the Type-III S0's from E08 and G11 (left panel), but once this difference in sizes is accounted for, both distributions overlap (right panel). Again, the fact that simulations reproduce the lack of trends of h i /h o with R brkIII /R 25 of real antitruncated S0's supports major mergers as a feasible mechanism to explain the formation of antitruncations in these galaxies.
Minor merger simulations by Y07 are also displaced towards higher R brkIII values than real S0's in the left panel of Fig. 11 , but they also exhibit h i /h o ratios similar to observations. Notice that, while major merger simulations satisfy the observational h i /h o distribution from ∼ 0.2 up to ∼ 0.6, the minor merger remnants dominate the observed range from ∼ 0.6 to ∼ 0.8. This result strongly supports a combination of major and minor mergers to explain the buildup of antitruncated S0 galaxies.
In Fig. 12 , we compare the location of real data and simulations in the planes (µ 0,i − µ brkIII ) vs. h o /R brkIII (intermediate left panel) and (µ 0,o − µ brkIII ) vs. h i /R brkIII (top right panel). The two distributions overlap completely, showing no clear trend. In this figure, we also show the relations in the planes (µ 0,i − µ brkIII ) -h i /R brkIII and (µ 0,o − µ brkIII ) -h o /R brkIII (top left and intermediate right panels, respectively). These diagrams follow eq. 1 for the inner and outer discs, evaluated at the break radius by definition. Therefore, the tight trends observed in these planes were expected. In the bottom panels of Fig. 12 , we represent the distributions of real and simulated S0's in the (µ 0,i − µ brkIII ) - Fig. 9 : Trends of the photometric parameters of the inner and outer discs with the antitruncation radius, compared to real data on Type-III S0 galaxies (E08; G11). Top: R-band scalelengths of the inner and outer discs vs. R brkIII (left and right panels, respectively). The fits performed to observations in these planes are two of the three simple scaling relations from which the relations observed in the rest of photometric planes can be derived (see Sect. 3.6), so they have been remarked in red. Data of the antitruncations formed in the minor merger simulations by Y07 are overplotted for comparison. Bottom: R-band central surface brightness of the inner and outer discs vs. R brkIII (left and right panels). In conclusion, these scale-free photometric diagrams demonstrate that our S0-like remnants develop antitruncations and inner and outer discs with photometric structures consistent with those observed in real Type-III S0's, once the differences in mass, luminosity, and size of the real data and the simulations are accounted for.
Planes with strong photometric scaling relations
We have shown that there are tight linear relations between the photometric parameters of the inner and outer discs and the breaks in real Type-III S0 galaxies, and that the antitruncated S0-like remnants resulting from major merger simulations lie on top of the extrapolations of the observational trends towards higher values of h i , h o , and R brkIII (Sects. 3.2.1 and 3.2.2). Now, we analyse the strong scaling relations underlying real antitruncations in scale-free photometric planes, and how major mergers can explain them. The linear fits to the scaling relations satisfied by real and simulated data shown in this Section are listed in Table 4 .
In the top panels of Fig. 13 , we show the distributions of our Type-III S0-like remnants in the h i /R 25 -R brkIII /R 25 and h o /R 25 -R brkIII /R 25 planes. Our simulations show clear linear correlations with R brkIII /R 25 , overlapping with the observational sample. In fact, the linear fits to simulations and data in the two diagrams (lines in the figure) are very similar (see Table 4 ).
In the bottom panels of Fig. 13 , we analyse the trends of µ 0,i and µ 0,o with R brkIII /R 25 of the S0-like remnants, in comparison with observational data. The central surface brightness of the inner and outer discs become fainter as R brkIII /R 25 increases in the real and simulated S0's. We know that the observations and the simulated remnants present an offset of ∼ 1 mag arcsec −2 in the surface brightness values (see Fig. 9 ), due to the youth of the starbursts induced by the encounters in the remnants and by the assumptions adopted to estimate M/L (see Sect. 2.3 and Appendix A). Considering that this offset might be corrected allowing the remnants to relax for a few Gyrs more or just changing Type-III S0s from major merger simulations Barred Type-III S0s (E08) Unbarred Type-III S0s (G11) From simple scl. relations these assumptions, the simulations would be displaced towards fainter µ 0,i and µ 0,o in the bottom panels of Fig. 13 . However, R 25 would also become smaller, and thus the simulations would also move towards higher R brkIII /R 25 values in these planes, meaning that real and simulated data would still be consistent in these diagrams. Note also that this global dimming of the remnants would move simulations slightly diagonally in the planes shown at the top panels of the same figure, so simulations and observations would still overlap in these planes.
In Fig. 14 , we show the photometric relations of (µ 0,i −µ brkIII ), (µ 0,o − µ brkIII ), and (µ 0,o − µ 0,i ) versus the ratio h i /h o for our remnants and the reference observational data. Once we account for the different scales in length, mass, and luminosity of the simulated and real galaxies, they overlap in the photometric planes, as observed here again. The major merger simulations tightly reproduce the trends shown by observations in these planes, revealing the existence of strong scaling relations between the characteristic surface brightness of the breaks and of their inner and outer discs with h i /h o in both real and simulated Type-III S0's.The (µ 0,i − µ brkIII ) -h i /h o relation is weaker than the other two, for both observational and simulated data (see Table 4 ). be considered as a scaling relation (right panel). Moreover, major merger simulations fulfill the observational h i /h o distribution in the zones where minor mergers by Y07 do not fall, and viceversa. Summarizing, we have found two key results: 1) that real Type-III S0 galaxies present well-defined scaling relations between the photometric parameters of their breaks and their inner and outer discs, and 2) that the Type-III S0-like remnants which result from major merger simulations reproduce these observational scaling relations. This means that the structures of the inner and outer discs in the antitruncation phenomena are tightly linked in both real and simulated galaxies, supporting major mergers as a feasible mechanism to explain the formation of Type-III S0's.
Influence of bars in the photometric relations
We find no differences between the trends shown by the barred and unbarred Type-III S0's of the observational samples (E08 and G11, respectively) in any diagrams studied in Sects. 3.2.1-3.3.2. This result supports that bars are structurally unrelated to antitruncations, as already argued by Sil'chenko (2009) and G11 from the relative frequency of antitruncated discs in barred and unbarred S0's (see Sect. 1). Some of our major merger remnants have ovals and small inner bars, but none has developed a strong bar (see Paper I).
Kolmogorov-Smirnov tests to simulations and real data
We have shown that the antitruncated S0-like remnants of major merger simulations follow analogous trends and exhibit similar values to real Type-III S0's in several photometric planes. We have tested whether the similarity of the distributions of real and simulated data is statistically significant in some photometric planes, using the Kolmogorov-Smirnov (KS) test in 2 dimensions. We have centred on those diagrams where both data and simulations overlap, as well as in those where the characteristic surface brightness in the simulations are displaced from the observations just by an offset of ∼ 1 mag arcsec −2 . The KS test checks whether the two samples in each diagram can have been shown from the same parent distribution at a given significance level α (typically, α = 0.05). We have used the implementation of the test made by P. Yoachim (KS2D, programmed in IDL), who has kindly made it publicly available in his web page 3 . The probability (p) of obtaining the observational and simulated samples considering that the null hypothesis is true (i.e., that they have been taken from the same parent distribution) are listed in Table 5 . If p > α = 0.05, the null hypothesis is accepted, meaning that the observational and simulated samples come from the same parent distribution at 95% of confidence. Otherwise, the null hypothesis is rejected and then both samples are different at 95% of confidence level.
In Sect. 3.6 we demonstrated that most parameters tightly correlate with R brkIII . In these planes, real and simulated data do not overlap, because the S0's in the observational sample have R brkIII < 20 kpc and our remnants are larger (R brkIII > 20 kpc typically). Therefore, no KS test has been carried out in the planes involving non-normalized scalelengths on one axis (such as R brkIII , h i , or h o ), as we obviously expect p < α = 0.05 in them. The KS test in the diagrams involving µ brkIII , µ 0,i , or µ 0,o on one axis also rejects the null hypothesis at α = 0.05, because the two distributions do not overlap due to the offset of ∼ 1 mag arcsec −2 in surface brightness that we have found between real data and simulations. As this offset may be a consequence of the extreme youth of the starbursts induced by the merger and/or to the assumptions adopted to convert mass into light (see Sect. 2.3 and Appendix A), we have tested whether real and simulated Type-III S0's would be similar in these diagrams if the S0-like remnants and the real S0's are overlapped by considering the difference between the y-intercepts of the linear fits to each sample in Table 4 .
This has been done for the planes µ 0,i , µ 0,o , and µ brkIII vs. R brkIII /R 25 . The results are shown in Table 5 . In the µ 0,i and µ 0,o planes, the KS test indicates that the real and simulated samples are similar at 95% of confidence level. In the plane µ brkIII vs. R brkIII /R 25 , the p value increases noticeably when this offset in surface brightness is accounted for, but not enough to consider both distributions as similar at a 95% confidence level.
The majority of the relations involving R brkIII /R 25 pass the test, indicating that the real and simulated samples can be considered as similar at a 95% confidence level (Table 5) . However, no photometric plane involving h i /h o passes the KS test. This is because our remnants span the range of h i /h o values observed in real data only partially, biassing the test (see, e.g., Fig. 11 ). Our simulations span a limited region of the initial conditions space (Sect. A.1), so it is normal that the remnants do not reproduce the whole observational range of all photometric parameters. In fact, it is already quite surprising that they span so widely. Moreover, if we include Y07 results in the KS test as part of our simulated sample, the p value of real and simulated data in the planes h i /h o -R brkIII /h i and h i /h o -R brkIII /h o increases significantly, although insufficiently to consider the real and simulated samples to have been taken from the same parent distribution (see Table 5 ). This is because the minor merger models span a range of h i /h o different to our major merger simulations(see Figs. 11 and 15 ).
We can thus conclude that the similarity of the real and simulated distributions of Type-III S0's is statistically significant in all photometric planes where the two samples overlap visually or accounting for the offset in the characteristic surface brightness observed between them.
Modelling from basic photometric scaling relations
In this section, we show that these relations, as well as the distributions in all photometric planes studied in Sects. 3.2 -3.3, can be derived from eq. 1 considering only three simple scaling relations derived from observations as basis: h i ∝ R brkIII (Fig. 9) , h o ∝ R brkIII (Fig. 9) , and µ brkIII ∝ R brkIII (Fig. 5) .
We have assumed the values of the constants obtained from the linear fits performed to these relations using observational data (see Table 4 ), because of the ∼ 1 mag arcsec −2 offset of the simulations with respect to observations (see Sect. 2.3 and Appendix A). Therefore, the inner and outer discs of real antitruncated S0's fulfill the following simple scaling relations: a The p-values have been computed using the implementation of the KS test in 2D by P. Yoachim (KS2D, see the text). b According to the KS test, the distributions of observational data and of simulations are similar (S) in a 95% confidence level if p > α = 0.05. If not, the null hypotesis is rejected, meaning that both samples have been taken from different parent distributions and cannot be considered as similar (NS). c Displaced relations assume an offset in mag arcsec −2 to overlap the distributions of real and simulated data in the photometric plane. The offset has been set to the difference between the y-intercepts of the linear fits performed to each sample in the plane (see Table 4 ).
where R brkIII is in kpc and µ brkIII is in mag arcsec −2 , both for the R band. These simple scaling relations have been highlighted in their corresponding diagrams over the other scaling relations by using red lines. The Type-III S0-like remnants resulting from our major merger simulations show analogous trends, except for the offset in µ brkIII widely commented in previous sections (see Table 4 ). We have selected the scaling relation in eq. 4 instead of µ 0,i ∝ R brkIII or µ 0,o ∝ R brkIII (see Fig. 9 ) to avoid considering a region of the disc as privileged.
Additionally, the photometric parameters of the inner and outer discs relate to those of the break through eq. 1, because R brkIII and µ brkIII are defined at the radius in the galaxy where the linear fits performed to both discs cross. Therefore, the photo-metric parameters are also connected through the following two relations:
Thus, we have six unknown parameters (h i , µ 0,i , h o , µ 0,o , R brkIII , and µ brkIII ) related through five equations (eqs. 2 -6). Considering R brkIII as the free parameter, we can estimate the expected values of the other five parameters just by solving the previous system of equations.
We have derived the theoretical trends expected from eqs. 2 -6 in all the photometric planes analysed in this study. They are overplotted in each photometric plane shown in Sects. 3.2 -3.3 with green dotted lines. The fit performed to the relation h o ∝ R brkIII shown by real data implies h o < 0 for R brkIII 5 kpc (eq. 3), so we have limited the predictions in all planes to R brkIII > 5 kpc to avoid singularities of the equations or unrealistic predicted values of the photometric parameters, up to R brkIII = 100 kpc. In the photometric planes where the scalelengths are normalized by R 25 , we have derived it by estimating R 25 (B) first. We have approximated R 25 (R) by the radius at which the fit to the inner disc gets µ(R) = 25 mag arcsec −2 in the case that µ brkIII > 25 mag arcsec −2 . In case that µ brkIII ≤ 25 mag arcsec −2 , the outer disc profile has been used instead. Finally, we have transformed R 25 (R) into R 25 (defined in the B band) by using a scale factor equal to 0.77, which corresponds to the median of the R 25 (B)/R 25 (R) ratios exhibited in our models.
Figures 5 -15 demonstrate that the trends in each photometric plane expected from these three simple scaling relations reproduce those obtained in real and simulated data very well (in particular, see . In some diagrams, the trends expected from the three simple scaling relations are even more defined than those shown by real Type-III S0's and by our antitruncated S0-like remnants (see, e.g., Figs. 10 -12) .
Moreover, the dispersion of real and simulated data in these diagrams with respect to the expected relations is basically due to the observational uncertainties. To show this, we have simulated the distribution in these planes of the relations expected from these simple scaling relations, but inserting random errors in the estimates spanning the typical observational ranges (errors of up to ∼ 1% for the characteristic surface brightness parameters, and up to ∼ 20% for the scalelenghts and R brkIII ). The results of this simulation of the effects of observational errors in the predictions of this modelling for the majority of the photometric planes studied are plotted all together in Fig. 16 . The theoretical trends without accounting for observational errors have also been overplotted for comparison. Figure 16 demonstrates that the distribution of real and simulated data, as well as their trends, can be explained in all the photometric planes just considering these three simple scaling relations and accounting for the typical observational errors. The tight theoretical trends derived from eqs. 2 -6 disperse in the planes in a similar way to observations and simulations if we just account for typical observational errors (compare each panel in Fig. 16 with the corresponding photometric plane in the figures above). We can even explain the existence of forbidden regions in the planes for real S0's and our remnants, which correspond to the singularities of the system of equations above or to unphysical values of the parameters (as, e.g., negative scalelengths).
In Fig. 16 , we have represented with different symbols the values expected for R brkIII ≤ 20 kpc and for R brkIII > 20 kpc. The former range represents the typical range of R brkIII values exhibited by real S0's in the samples by E08 and G11, whereas the latter one is the range covered by our major merger simulations. We have compared the distributions expected from the simple scaling relations in each range of R brkIII with those exhibited by real S0's and our antitruncated S0-like remnants in the corresponding photometric planes above. We find that the distributions of real S0's and of Type-III S0-like remnants in the planes that do not involve R 25 are well reproduced by the expectations of the modelling performed for R brkIII < 20 and R brkIII > 20 kpc, respectively. However, real and simulated data overlap in some photometric planes involving R 25 (such as h i /h o vs. R brkIII /R 25 , see the right panel of Fig. 11 ), whereas the modelled data for R brkIII < 20 and R brkIII > 20 kpc from the basic scaling relations are displaced in it (see panel j in Fig. 16 ). This may be due to the approximations performed to estimate R 25 in the modelling.
In order to test this, we have performed a similar modelling to the one exposed here by replacing the basic scaling relation in eq. 4 by the observational µ brkIII ∝ R brkIII /R 25 relation (middle panel of Fig. 5 ). This procedure avoided the approximation of R 25 (R) by the profile of the inner or the outer disc since the beginning of the formulation. We found that, with this change, the modelling reproduced the mix of observations and simulations in the planes involving R 25 with the new predictions for R brkIII < 20 and R brkIII > 20 kpc, but that it did not reproduce the observed µ 0,i -R brkIII , µ 0,o -R brkIII , and µ brkIII -R brkIII relations. Therefore, although it seems that the approximations performed to estimate R 25 are really after the inappropriate mixing of the predictions in some photometric planes, the modelling works better with the µ brkIII -R brkIII trend than with the µ brkIII -R brkIII /R 25 relation.
Summarizing, the scaling relations, trends, and distributions of real and simulated Type-III S0's in the photometric planes involving the characteristic parameters of the breaks and of their inner and outer discs can be predicted just accounting for three basic scaling relations derived for observations (which are also reproduced by our simulations): h i ∝ R brkIII , h o ∝ R brkIII , and µ brkIII ∝ R brkIII .
Discussion
Any formation scenario of antitruncated discs must be capable of explaining the following observational results (see Sect. 1): 1) why S0 galaxies present the highest percentage of antitruncated profiles of all Hubble types, and 2) why the relative frequency of these features seems to be independent of the environment.
Concerning the first issue, it is known both observationally and theoretically that mergers tend to reduce the gas level in a galaxy by inducing starbursts. In fact, major events tend to exhaust it completely for typical gas contents in the progenitors, typically giving rise to a gas-poor remnant (see, e.g., Di Matteo et al. 2007; di Matteo et al. 2008; Cox et al. 2008; Lotz et al. 2010; Bournaud et al. 2011; Kaviraj et al. 2011; Kaviraj 2014b,a; Miralles-Caballero et al. 2014) . The more intense the merger history of a galaxy is, the more gas-poor it becomes. So, attending to this and the high probability of major mergers to form antitruncations (as indicated by the present study), a major merger scenario would be consistent with the higher percentage of Type-III profiles in S0's than in other types, because this mechanism would explain the formation of the antitruncated stellar disc and the assembly of the host S0 galaxy simultaneously.
The question on the role of environment in the formation of antitruncations is more puzzling. As commented before, (see Sect. 3.6) . Consult the legend in the figure. [A colour version of this figure is available in the online edition.] Erwin et al. (2012) found that the relative presence of antitruncated S0 galaxies was similar in the Virgo cluster and the field, in contrast with the complete absence of Type-II S0 galaxies in Virgo. These results suggest the existence of environmental processes that prevent Type-II profiles in S0's from forming or that dissipate truncations in the clusters. But these mechanisms do not affect the fraction of S0's harbouring antitruncated discs. This might be reconciled with the merger scenario if the cluster and group-field environments presented similar relative merger rates. But it is controversial whether the density of the environment enhances the merger rate or not (Jian et al. 2012) . The role of mergers in the shaping of S0's in clusters may be underestimated at present. Many studies support other environmental-driven processes (such as gas stripping and strangulation) as the key drivers of the observed transformation of spirals into S0's in clusters since z ∼ 0.8 (see Poggianti et al. 2001; Barr et al. 2007; Desai et al. 2007; Poggianti et al. 2009 ). However, recent observational and theoretical studies suggest that cluster galaxies have undergone a "pre-processing" through mergers in groups and filaments before falling into a cluster, and that even the gravitational binding of the group is preserved during the infalling for up to one orbital period (this is known as galaxy "post-processing"). Besides this, the galaxy-galaxy collisions are enhanced during the pericentre passage of the group in the cluster (Vijayaraghavan & Ricker 2013) . Thus, all these mergers and interactions must have been complemented with other evolutionary processes in the clusters to evolve spirals into S0's in the last ∼ 7-8 Gyr, and it would be difficult to disentangle the contribution of each process to their buildup.
Mergers, galaxy harassment, and tidal interactions may have triggered an even more dramatic evolution of spirals into S0's in the field during the same time period (always within groups, see Moran et al. 2007; Wilman et al. 2009; Bekki & Couch 2011) . Considering that ∼ 50% of S0's reside in groups (Huchra & Geller 1982; Berlind et al. 2006; Crook et al. 2007; Wilman et al. 2009 ), the relative relevance of mergers in the assembly of S0's may have been similar in both clusters and in the field. This may explain the similar relative percentages of Type-III S0's found in both environments. Some observational and theoretical studies support this scenario, suggesting that E-S0 galaxies have undergone at least one major merger during the last ∼ 9 Gyr regardless of the environment (Eliche-Moral et al. 2010a; Prieto et al. 2013 ).
Moreover, the efficiency of the mechanism that produces antitruncations in discs may be affected by gas-removal processes, which take place in both low-and high-density environments (such as ram pressure stripping or thermal evaporation), or even by preferential orbits within the clusters (Kawata & Mulchaey 2008; Vijayaraghavan & Ricker 2013) . This means that the evolutionary scenario is so complex that it will be extremely difficult to quantify the relative role played by mergers in the buildup of Type-III S0's in any sort of environment.
Minor mergers alone seem not to be enough to explain the properties of Type-III S0's. Although Y07 showed that they are a plausible mechanism to produce Type-III profiles from pureexponential S0 galaxies, it has not been analysed if these breaks would be detectable taking into account the limitations inherent to observational data and if they really are analogous to those observed in Type-III galaxies. We have compared Y07 results with ours when possible, overriding the fact that these authors directly measure antitruncations in mass density profiles (see Figs. 9, 11, and 15) . The distributions of minor merger simulations are complementary to those of major mergers in these diagrams, so both sorts of mechanisms would be required to explain these observations.
The kinematic properties of nearby ellipticals and S0's suggest that major merging may have been relevant for establishing the current dynamical state of ∼ 40 -50% of present-day S0's at maximum (Tapia et al. 2014) . Some properties of S0's seem to be more coherent with a buildup driven by minor mergers than by major encounters too (see Eliche-Moral et al. 2006a , 2013 . Therefore, a hybrid scenario in which both major and minor merger events have contributed noticeably to form antitruncated S0's may be more coherent with observations. Nevertheless, the relative fractions of antitruncations in S0 and spiral galaxies, their relation with the galaxy subcomponents, and their dependence with the environment require more observational efforts to discern between different formation scenarios (Comerón et al. 2012; Maltby et al. 2012b; Laine et al. 2014) . Sect. 3.6) . We have overplotted the locations expected from this modelling for 60 values of R brkIII , but inserting typical observational errors in the scalelengths and surface brightness values at random (symbols). We have distinguished the predictions with R brkIII < 20 kpc (crosses) from those with R brkIII > 20 kpc (diamonds), to compare them with the distributions of the observational data (typically with R brkIII < 20 kpc) and of our S0-like remnants (with R brkIII > 20 kpc) in the figures above. Accounting for errors, the modelling is capable of reproducing the distributions of real data in these planes (compare with the corresponding diagrams in Figs. 
-15). [A colour version of this figure is available in the online edition.]
The tight scaling relations that we have found between the photometric parameters of the antitruncations and of the inner and outer discs in real S0's indicate that the physical process af-ter their formation is highly scalable. This scalability ensures that the results obtained in this study can be extrapolated to any mass range, and has allowed a fair comparison with observational S0's that are ∼ 2 times smaller and fainter than the Type-III S0 remnants of our simulations. The inner and outer disc structures in antitruncated S0's are so connected that the values of µ 0,i , µ 0,o , µ brkIII , h i , and h o can be derived just by knowing R brkIII . But more significantly, we have found that major mergers are capable of reproducing the distribution of real Type-III S0's in all photometric planes.
Conclusions
We have studied whether major mergers can produce S0-like remnants with realistic antitruncated stellar discs or not. We have analysed 67 E/S0 and S0 relaxed remnants that result from the major merger simulations available in the GalMer database (Chilingarian et al. 2010) . In order to ensure a fair comparison with observational data, we have simulated realistic R-band surface brightness profiles of the S0-like remnants reproducing the observing conditions of the studies by E08 and G11. We have visually identified the final remnants with antitruncated stellar discs and fitted exponential profiles to their inner and outer discs to obtain their characteristic photometric parameters, as well as define the breaks. The results have been compared with observations in several photometric planes.
We have found that ∼ 70% of the relaxed S0-like remnants in our sample of simulations have clear antitruncated stellar discs. The photometric parameters of the breaks and of the inner and outer discs are compatible with those observed in real Type-III S0 galaxies. Our remnants lie on top of the extrapolations of the trends shown by real data towards brighter magnitudes and higher break radii, due to the higher luminosities and sizes of the simulated remnants compared to the data in the reference observational samples. However, simulations and observations overlap completely in scale-free photometric diagrams, satisfying similar trends.
We report the existence of strong photometric scaling relations between the parameters of the breaks and of their inner and outer discs in real antitruncated S0's, which have not been reported in previous studies. These scaling relations imply that the structures of the inner and outer discs in antitruncated S0's are strongly linked. We also find that the scaling relations, trends, and distributions of real Type-III S0's in all photometric planes can be predicted from just three basic scaling relations: h i ∝ R brkIII , h o ∝ R brkIII , and µ brkIII ∝ R brkIII . The Type-III S0-like remnants resulting from our major merger simulations reproduce the distributions, trends, and scaling relations of real antitruncated S0's in all photometric planes analysed.
The tight scaling relations found between the photometric parameters of the breaks and of the inner and outer discs in both real and simulated S0's indicate that the physical mechanism after their formation is highly scalable, ensuring that the results obtained here for our remnants (with stellar masses of ∼ 1 -3 × 10 11 M ⊙ ) can be extrapolated to other mass ranges. This scalability has also allowed a direct comparison with observational S0's that are ∼ 2 times smaller and fainter than the S0 remnants. The offsets of ∼ 1 mag arcsec −2 in the characteristic surface brightness values and of ∼ 1 -2 mag in total absolute magnitudes in several bands can be explained in terms of the assumptions performed to convert mass into light in the simulations (ages of old stellar particles, SFHs, IMFs, dust extinction) and the blue colours of the remnants due to the recent starbursts induced by the encounters.
We also find that the existence of bars in real Type-III S0's does not affect to the photometric trends of the antitruncations. This supports that bars and antitruncations are structurally unrelated phenomena, corroborating the claims derived by previous studies on the basis of relative percentages of antitruncations in barred and unbarred S0's.
These results demonstrate that, contrary to the prevalent view, major mergers are a feasible mechanism to produce realistic antitruncated stellar discs in the case of resulting into S0-like remnants. The agreement in the photometric trends and scaling relations followed by real Type-III S0's and by the antitruncated S0-like remnants that result from these major merger simulations strongly supports a major-merger scenario for the buildup of many antitruncated S0's.
to convert mass into light in the simulations (Sect. 2.3). This inserts an offset in surface brightness in all the remnants that makes µ brkIII , µ 0,i , and µ 0,o brighter by ∼ 1 mag arcsec −2 than their observational counterparts (i.e., the brightest galaxies in the reference observational samples). Moreover, our remnants are ∼ 2 times larger on average than the galaxies in E08 and G11 samples. This is why, when we compare data and simulations in non-normalized photometric planes, the observations lie on the extrapolated trends of real data, but towards higher R brkIII and brighter magnitudes than observed, and offset from them by ∼ 1 mag arcsec −2 in characteristic values of the surface brightness profile.
However, as seen in Sect. 3, the observational data and the simulations overlap in all photometric planes once we consider normalized parameters. This clearly indicates that the underlying physical mechanism after the formation of the antitruncations is highly scalable, allowing the extrapolation of the results obtained in our major merger simulations to different mass ranges.
iii. Initial gas content.-The models assume initial gas masses similar to the typical contents observed in local galaxies (∼ 10% in gSa, ∼ 20% in gSb, ∼ 30% in gSd of the total stellar mass, see Table 1 ). Some authors indicate that the typical gas content for spirals was higher in the past (up to 50% at z ∼ 1, see Papovich et al. 2005; Genzel et al. 2008; Tacconi et al. 2008; Förster Schreiber et al. 2009; Law et al. 2009) . If the bulk of S0 galaxies was assembled through major mergers of spirals at z ∼ 0.7 − 1 (as many theoretical and observational studies support, see references in Sect. 1), the higher gas masses involved in the encounters may have affected not only the generation of antitruncations in the discs, but also the average properties of the stellar populations in the remnant discs.
iv. Orbits.-The GalMer database surveys a wide set of orbital configurations, but these orbits have not been taken from cosmological simulations. In fact, many models do not merge during the simulation time. We have found that S0-like remnants can result from quite a variety of orbits, although they preferentially result from co-planar ones. It is known that the survival of a disc component in a major merger does not depend exclusively on the orbital parameters, but is a complex function of several conditions, mainly depending on the initial gas content (Hopkins et al. 2009a,b) . The fact that S0-like remnants tend to result from orbits with low inclination is not a problem, because cosmological models favour co-planar mergers (Zentner et al. 2005; Gómez-Flechoso et al. 2010; Benjouali et al. 2011) . This means that the formation of an S0 remnant in a major merger may be a process with a much higher probability than previously thought. In fact, many authors claim that the major mergers occurring at z > 0.5 may have built up galaxies of even later Hubble types than S0 Hammer et al. 2009b Hammer et al. , 2010 Hammer et al. , 2013 Puech et al. 2009 ).
v. Total simulation time.-The available models are evolved for 3.5 Gyr at the most. Therefore, some experiments have not reached the full-merger time or a relaxed dynamical state. The relatively "short" total simulation times considered are also responsible for the youth of the central structures in the remnants that result from the merger-induced starbursts. They are ∼0.3 -1 Gyr old, so they are very bright in the blue bands (see Paper I). Bell & de Jong (2001) found that the colour of a galaxy and the M/L ratio in several photometric bands relate linearly for a given set of parameters defining the evolution experienced by the stellar populations in the galaxy. Considering the typical colour of nearby early-type galaxies (B − R ∼ 1.5, see Fritz et al. 2009 ), these authors provide M/L of ∼ 6 and ∼ 1 for the B and K bands, respectively, for different prescriptions of the SFHs used. This means that the brightest S0's within the E08 and G11 samples (−20 < M B < −22 and −24 < M K < −25) have masses comparable to our remnants, according to Bell & de Jong relations (M ∼ 10 11 M ⊙ ). However, the remnants of our simulations are ∼ 1 -2 mag brighter in these bands than the brightest S0's in the reference observational sample (see Paper I, but this is also noticeable in the bottom panel of Fig.5 ).
These differences may be due to the fact that the average M/L ratios used to convert mass into light in our models are ∼ 2 times lower than those derived from the Bell & de Jong (2001) relations for all bands, which explains the ∼ 1 -2 mag offset towards brighter magnitudes of our models with respect to the bright end of the observational samples. This is due to the bluer colours of our final remnants (B − R ∼ 0.9) compared to nearby S0's. Considering these colours, the M/L ratios derived from Bell & de Jong relations are very similar to the average values obtained in our models for the B and K bands.
The final remnants have undergone massive bursts of star formation (of ∼ 10 -30% of the stellar mass in the progenitor discs) in less than ∼ 1 -2 Gyr from the moment they are being analysed. We thus have very young (and blue) stellar populations in the centres of the remnants which bias the colour of the galaxy globally (and thus, the M/L ratios). This agrees with the results by Bell & de Jong (2001) , who found that starbursts involving ∼ 10% of the total stellar mass in a galaxy can decrease its M/L ratio by a factor of ∼ 3 in the B band and ∼ 2 in K (see their Section 4.3). Moreover, they also indicated that these effects may persist from ∼ 1 Gyr up to ∼ 5 Gyr, depending on the colour of the underlying stellar populations (more time if the populations are redder). So, it is reasonable that the colours of our remnants are still affected by these recent starbursts.
Accounting for the fact that real S0's of similar masses to our remnants may have experienced their last major merger at least ∼ 7 Gyr ago (Eliche-Moral et al. 2010a; Prieto et al. 2013; Choi et al. 2014) , our remnants would require to be evolved passively for at least ∼ 2 -3 Gyr more to present global colours analogous to those observed in present-day S0's with similar stellar masses. This passive evolution would then increase the M/L ratios by a factor of ∼ 2, making our remnants overlap with the bright end of the E08 and G11 samples in absolute magnitudes. This would correct both the offset in total magnitudes and the offset in surface brightness of our models compared to real analogs. Moreover, a merging scenario for the origin of S0's as the one simulated here could explain why the S0's at z ∼ 0.3 -0.4 are bluer and brighter than their local counterparts with similar masses (Fritz et al. 2009 ).
Therefore, the existence of young subcomponents in our S0-like remnants that make them bluer and brighter is is not a limitation of our simulations, because young inner structures are quite common in E-S0 galaxies at z ∼ 0.4 -0.6 (and even in the local universe, although in S0's with lower masses). In fact, these blue substructures are usually interpreted as a trace of recent merging (Fritz et al. 2009; Kannappan et al. 2009; Mahajan & Raychaudhury 2009; Huertas-Company et al. 2010; Thilker et al. 2010; Wei et al. 2010; Kaviraj et al. 2011 ).
Collisionless stellar particles in the GalMer simulations have an assigned age of 10 Gyr. We have assumed an average age of 10 Gyr for them too to convert mass into light (see Sect. 2.3), but considering that this is the typical age of old stellar populations in the outer discs of real S0 galaxies ). However, this assumption is an obvious oversimplification of reality. First, because this age has been considered independent of the morphological type of the progenitor which hosted the particle at the beginning of the simulation. Nevertheless, the average age of stars in galaxy discs depends on the Hubble type, in the sense that earlier types tend to have older stellar populations at intermediate radii in their discs. In addition, average stellar ages show a wide dispersion even within a given Hubble type, as well as radial gradients, and we have not considered these (van Dokkum & Franx 2001; MacArthur et al. 2004; Sil'chenko et al. 2012) .
The age considered for the old stellar particles obviously affects to the M/L R ratio used to convert projected density profiles into surface brightness profiles, and thus it may be partially responsible for the offset of ∼ 1 mag arcsec −2 found in the characteristic surface brightness between real and simulated data and for the difference in ∼ 1 -2 mag in total absolute magnitudes between the brightest galaxies in E08 and G11 samples and our remnants. An exhaustive study on how the assumed stellar age profiles affect the properties of the formed antitruncations is beyond the scope of this paper. But we have tested whether this offset may be an artefact of this assumption by analysing the effects of assuming different ages for the old stellar particles in the photometric properties of the breaks. We have selected four models that differ in their initial gas content, morphology of the progenitors, and orbital configuration to test this: gSagSao5, gSagSdo41, gSbgSbo22, and gSdgSdo5.
The luminosity-weighted average ages of Sa and Sb galaxies range from ∼ 7 to ∼ 11 Gyr and from ∼ 6 to ∼ 10 Gyr in Sd galaxies (MacArthur et al. 2004 ). So, considering that the simulated mergers take ∼ 3 Gyr, we have assumed ages spanning an even wider range for the old stellar particles in these four models (from 6 to 14 Gyr). For simplicity, we have used the same stellar age for the old stellar particles of both progenitors independently of their Hubble types. Therefore, we re-simulated the R-band surface brightness profiles of these four models for different ages spanning the range of 6 -14 Gyr, and performed again the fits to define the properties of the break in each case. Note that some ages represent extreme cases of progenitor galaxies hosting very young or very old average stellar populations, but they are realistic attending to the properties of real galaxies (MacArthur et al. 2004) .
In Fig. A.1 , we plot the characteristic photometric parameters of the antitruncations and of the inner and outer discs of each model as a function of the assumed age for the old stellar particles. Two immediate facts are evident from these plots:
i. The characteristic surface brightness of the break and of their inner and outer discs become brighter as we decrease the assumed stellar age (panels on the left of the figure) . The difference can be up to ∼ 1 mag arcsec −2 . Therefore, we can expect that a more realistic (and complex) distribution of stellar ages in the progenitors may partially correct the offset in the characteristic surface brightness values that we have obtained between real and simulated data.
ii Interestingly, the break radius and scalelengths of the inner and outer discs do not vary significantly with the age of the old stellar particles (panels on the right of the figure) . The maximum change is less than ∼ 10% of the value in all cases. This result provides more reliability to our results, because it means that the agreement between the scaling relations found in our simulations and in observations is robust against this assumption.
This simple test demonstrates that, by assuming a more complex age distribution for the old stellar particles of the progenitors, the offset in the characteristic surface brightness of the breaks and of their inner and outer discs found between models and real data can be overridden, without significantly affecting their characteristic scalelengths. Therefore, the offsets in surface brightness and total magnitudes found between models and real data do not establish any limitation to the global results derived in the present study.
Appendix A.2.3: Dust extinction effects
As commented in Sect. 2.3, no dust effects have been assumed to derive the surface brightness profiles. It would make the analysis very complex, without giving significant advantages. We have estimated the extinction that might be experienced by a typical E-S0 galaxy to check whether our remnant S0's might overlap with real data in the bottom panel of Fig. 5 , just accounting for dust extinction effects. We have combined the estimates of relative extinction derived by Finkelman et al. (2010) for E-S0 galaxies with ionized gas and dust lanes with the reddening values obtained by Annibali et al. (2010) for nearby S0's.
Considering that E-S0 galaxies typically have A B /E(B − V) ∼ 4, A V /E(B−V) ∼ 3, and A R /E(B−V) ∼ 2.3 and that E(B−V) ∼ 0.3 on average for them, the average extinction of an E-S0 galaxy ranges between ∼ 1.2 and ∼ 0.9 mag in the B, V, and R bands. But considering that the reddening of S0's can be up to 1.7 mag, the extinction can achieve values up to ∼ 7, 5, and 4 mag in the B, V, and R bands respectively. This means that the offset in total magnitud between our remnant models and real S0's with analogous masses could be overridden just by taking into account dust extinction effects.
Moreover, the effects of dust extinction are expected to be quite limited in the simulated surface brightness profiles. First, because the profiles are obtained as azimuthal averages with the galaxies in face-on views (which minimizes the effects of dust extinction), and secondly, because the extinction in the R band is ∼ 1 mag for the whole galaxy. So including dust extinction barely affect the key results of this study.
